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Fear is an adaptive component of the acute stress response to potentially dangerous stimuli that threaten the integrity of the individual. However, when disproportionate in its intensity, chronic, irreversible and/or not associated with any actual risk, it constitutes a maladaptive response and may be symptomatic of anxiety-related neuropsychiatric disorders (Taber & Hurley, 2009) . Anxiety disorders are marked by excessive fear (and avoidance), often in response to specific objects or situations, in the absence of true danger, and they are common in the general population (Shin & Liberzon, 2010) . As excessive fear is a key component of anxiety disorders, the search for the neurocircuitry of anxiety disorders has focused extensively on studies of fear circuits in animal models. These studies examined the neurocircuitry associated with fear responses in rats and mice using fear conditioning paradigms, inhibitory avoidance, and fear-potentiated startle models. The amygdala, PFC, and hippocampus have arisen as clear regions of interest in studies of anxiety disorders and are implicated in PTSD (Shin & Liberzon, 2010) . The hippocampus is often implicated in the neurobiology of stress. Mineralocorticoid and glucocorticoid receptors are expressed in high numbers within the hippocampus. Although stress-induced corticosteroid signalling in the hippocampus has a beneficial role in regulating the time course of the HPA axis stress response (de Kloet et al., 2005) , prolonged glucocorticoid signalling can damage the hippocampus as measured by dendritic atrophy, decreased neurogenesis, and deficits in synaptic plasticity (McEwen & Gould, 1990; Sapolsky, 1996; McEwen, 1999; Meaney, 2001 ). In PTSD and major depression patients, hippocampus volumes are reduced (Bremner et al., 1995; Sheline et al., 1999; Woon & Hedges, 2008) , and smaller hippocampal volumes are predictive of vulnerability to develop stress-related disorders . The amygdala plays a role in the control of emotional and autonomic responses to stress. It is involved in mood regulation and in the mediation of fear and anxiety (Davis, 1992; LeDoux, 2007) and is bi-directionally related to the frontal cortex (McDonald, 1998) and hippocampus (Pitkanen et al., 2000) . Studies of fear conditioning, pharmacologically induced fear, and responses to emotional stimuli and facial expressions have provided evidence that the human amygdala, although responsive to multiple salient stimuli, responds reliably and potentially preferably to stimuli that predict threat and can be involved in mediating fear/anxiety states. Given that patients with anxiety disorders experience fear and distress in response to possible predictors of threat, the amygdala has been hypothesized to be hyperresponsive in some anxiety disorders. According to some models, the amygdala is hyperresponsive in PTSD, which may account for exaggerated fear responses and the persistence of traumatic memories (Shin and Liberzon, 2010) . The PFC plays an integral role in mediating a range of executive functions that subserve the selection and processing of information necessary to plan, control and direct behaviour in a manner appropriate to current environmental demands (Goldman-Rakic, 1996; Rolls, 1996; Tremblay & Schultz, 1999; Bush et al., 2000; Miller & Cohen, 2001; Robbins, 2005) . A growing literature from studies in laboratory animals demonstrates that the PFC not only plays a major role in orchestrating the behavioural and systemic response to stress, but that neurons in the rodent PFC are highly sensitive to stress and undergo significant remodelling following stress exposure. These findings support the notion that stress-induced alterations in PFC function represent a principle neural insult underlying deficits in executive function observed in stressed rodents, and the executive component of many neuropsychiatric diseases (for review see: Holmes & Wellman, 2008) . The amygdala and hippocampus have well established roles in encoding and processing memory for emotional or stressful events into long term storage (Cahill et al., 1996; Canli et al., 2000; Richter-Levin & Akirav, 2003; Joels et al., 2004; McGaugh, 2004; Phelps, 2004; Vianna et al., 2004; Diamond et al., 2005) . However, stress effects on memory cannot be explained through only hippocampus and amygdala mediated alterations. There is growing interest in other brain areas, particularly the NAc, involved in mediating stress-related dysfunction (Willner et al., 1992; Zangen et al., 2001; Nestler et al., 2002) . The NAc shell division may play an important role in integrating and consolidating representations of new experiences that are initially processed by both the amygdala and hippocampus (Seamans & Phillips, 1994; Setlow et al., 2000; Reynolds & Berridge, 2002 ). Anatomical findings demonstrate that the shell receives neural input from the BLA concerning the affective components of experiences (Mogenson et al., 1980; Petrovich et al., 1996) , projections from the ventral subiculum region of the hippocampus regarding contextual features from the environment (Groenewegen et al., 1987; Meredith et al., 1990) and reward related components of learning experiences from the ventral tegmental area (Nauta et al., 1978) .
Role of the endocannabinoid system in unconditioned stress and anxiety
Results from many studies indicate that the eCB system modulates unconditioned stressand anxiety-like responses (Viveros et al., 2005; Gorzalka et al., 2008; Lutz, 2009) . A general conclusion that can be tentatively derived from the complicated and often contradictory literature is that inhibition of eCB signalling increases stress and anxiety, while moderate increases in eCB signalling decrease stress and anxiety (Lutz, 2009 ). The term "moderate" is used because strong stimulation of eCB signalling by high doses of CB1 receptor agonists potentiate stress-and anxiety-like responses (Rodriguez de Fonseca et al., 1996; Scherma et al., 2008; Lutz, 2009 ). This biphasic effect has been demonstrated in animal models of anxiety (Lafenetre et al., 2007; Hill & Gorzalka, 2009) , and also in humans. Cannabis may induce aversive states in some smokers, precipitating anxiety and panic attacks (Hall & Solowij, 1998) . Furthermore, THC administration may result in psychotic-like states (Linszen & van Amelsvoort, 2007) . These bidirectional effects of cannabinoids observed in humans can be mimicked in laboratory animals. Hence, in models predictive of anxiolytic-like activity, low doses of CB1 agonists tend to be anxiolytic and high doses tend to increase aversion and anxiety-related behaviours (Viveros et al., 2005) . Procedures used in studies on the role of eCBs in stress and anxiety evaluate the anxiolytic/anxiogenic effects of drugs by using standard tasks such as the elevated plus maze, social interaction, and defensive burying (Viveros et al., 2005; Lutz, 2009 ). Methods to modulate eCB signalling include genetic deletion of CB1 receptors, CB1 receptor antagonists (e.g., rimonobant/ SR141716, AM 251) and agonists (e.g., WIN55,212-2, HU210, which also activate CB2 receptors primarily found in the periphery (Freund et al., 2003; Di Marzo, 2008) . Inhibitors of FAAH (URB597) or of the eCB transporter (AM404) have also been utilized, which leads to increased synaptic levels of anandamide and 2AG (Kathuria et al., 2003; Viveros et al., 2005; Bortolato et al., 2006) . Using the elevated plus maze, Patel & Hillard (2006) found that cannabinoid receptor agonists WIN 55212-2 (0.3-10 mg/kg) and CP 55,940 (0.001-0.3 mg/kg) increase the time mice spend on the open arms (i.e. elicit an anxiolytic response) only at low doses. At the highest doses, both compounds alter overall locomotor activity. In contrast, THC (0.25-10 mg/kg) produces a dose-dependent reduction in time spent on open arms. The eCB uptake/catabolism inhibitor AM404 (0.3-10 mg/kg) produces an increase in time spent on the open arms at low doses and has no effect at the highest dose tested. The FAAH inhibitor URB597 (0.03-0.3 mg/kg) produces a monophasic, dose-dependent increase in time spent on the open arms. The CB1 receptor antagonists SR141716 (1-10 mg/kg) and AM251 (1-10 mg/kg) produce dose-related decreases in time spent on open arms. Onaivi et al., (1990) have shown that THC induces increased aversion to the open arms of the elevated plus maze in both rats and mice that is similar to the aversion produced by anxiogenic agents. In contrast, mice treated with the agonists cannabidiol and nabilone spend a greater amount of time in the open arms of the maze, an effect similar to that produced by diazepam, the reference anxiolytic agent. In the light-dark box, Berrendero & Maldonado (2002) have shown that the administration of a low dose of THC (0.3 mg/kg) produces clear anxiolytic-like responses. The CB1 cannabinoid receptor antagonist, SR 141716A (0.5 mg/kg) completely blocks the anxiolyticlike response induced by THC, suggesting that this effect is mediated by CB1 cannabinoid receptors. In another study, systemic administration of the FAAH inhibitors URB597 and URB532 reduces anxiety-related behaviour in the rat elevated zero-maze and isolationinduced ultrasonic vocalisation tests (Kathuria et al., 2003) . These effects are dose-dependent and blocked by the antagonist rimonabant. The FAAH inhibitor and eCB re-uptake inhibitor AM404 also exhibit a dose-dependent anxiolytic profile in the elevated plus-maze, defensive withdrawal test, and ultrasonic vocalisation test (Bortolato et al., 2006) . URB597 has also been shown to be anxiolytic in the rat elevated plus-maze and open-field tests (Hill et al., 2007) and has recently been shown to reduce anxiety-related behaviour in the elevated plusmaze in Syrian hamsters (Moise et al., 2008) . Ribeiro et al. (2009) demonstrated that the anxiolytic-like effect of a low anandamide dose is reversed by administration of the antagonist AM251, whereas the anxiogenic-like effect is inhibited by pre-treatment with capsazepine, a transient receptor potential vanilloid type 1 (TRPV1) receptor antagonist. The authors suggested that the anxiolytic effect evoked by anandamide might be due to the interaction with the CB1 cannabinoid receptor, whereas vanilloid receptors seem to be involved in the anxiogenic action of anandamide (Rubino 2008b) . Marsch et al. (2007) reported that TRPV1 "null" mice exhibit a significantly reduced response to anxiogenic stimuli. Therefore, the anandamide-induced inverted U-shape pattern might be based on the fact that the intrinsic efficacy of anandamide on TRPV1 is relatively low compared to that observed on the CB1 receptor (Ross, 2003) . Transgenic mice deficient for FAAH, the enzyme that degrades anandamide, demonstrate reduced anxiety-like behaviour in the elevated plus maze and light-dark box compared with wild-type mice and these effects are prevented by systemic administration of the antagonist rimonabant . On the other hand, transgenic mice lacking expression of the CB1 receptor demonstrate an anxiogenic profile in the elevated plus-maze, the light-dark box, open-field arena, and social interaction test (Maccarrone et al., 2002; Martin et al., 2002; Haller et al., 2002; Uriguen et al., 2004) and demonstrate impaired stress coping behaviour in the forced swim test . Similarly, CB1 receptor antagonists increase anxiety-related behaviours in the elevated plus maze (Patel & Hillard, 2006) . Taken together, these studies suggest that eCBs act at CB1 receptors to reduce anxiety.
Role of the endocannabinoid system in conditioned fear and anxiety
Understanding the role of the eCB system in conditioned fear and aversive memories is important because a number of anxiety disorders, including PTSD and phobias, are thought to result from dysregulated fear neurocircuitry . Conditioned fear is induced by pairing a neutral, conditioned stimulus (CS; e.g., a light, a tone, or a context) with an aversive stimulus (unconditioned stimulus, US; e.g., a mild footshock) that evokes a measurable fear response. Evoked fear responses have been used extensively in animal models to better understand the mechanisms by which aversive memories are formed, and to model diseases such as PTSD and specific phobia, where inciting cues lead to the production of pathological fear states. Investigators have examined the effect of CB1 receptor agonists and antagonists on contextual and cue fear conditioning. Results from these studies were somewhat mixed. In rats, systemic injections of the CB1 receptor antagonist AM251 enhance both the acquisition and expression of cue fear conditioning (Arenos et al., 2006; Reich et al., 2008) . Administering AM251 (5 mg/kg, i.p) during tone-footshock conditioning enhances acquisition of freezing behaviour for both trace fear conditioning (hippocampal-dependent) and delay fear conditioning (amygdala-dependent) (Reich et al., 2008) . Recently, we used an inhibitory avoidance task and found that microinjecting AM251 (6 ng) into the BLA significantly enhances conditioned avoidance but has no effect on conditioning when microinjected into the hippocampal CA1 area (Ganon-Elazar & Akirav, 2009; Abush & Akirav, 2010) . However, others have shown that mice lacking the CB1 receptor or systemically administered with the CB1 receptor antagonist AM251 (0.3-3 mg/kg) 30 min before behavioural testing show no contextually induced fear response (Mikics et al., 2006) and that the CB1 receptor antagonist rimonobant or genetic deletion of the CB1 receptor has no effect on the acquisition of cue and context fear conditioning in mice (Marsicano et al., 2002; Suzuki et al., 2004) . On the other hand, cue-fear-potentiated startle is decreased by medial PFC injections of the CB1 receptor agonist WIN55212-2 or the FAAH inhibitor URB597 (Lin et al., 2008 (Lin et al., , 2009 and contextual fear conditioning is decreased by dorsolateral periaqueductal gray injections of either anandamide or the anandamide transport inhibitor AM404 (Resstel et al., 2008) . Overall it appears that, as in the case of unconditioned fear, inhibition of eCB transmission increases fear while moderate stimulation of eCB transmission decreases fear.
Role of the endocannabinoid system in extinction
Extinction was established as a tool to treat conditioned fear by Freud in the 1920s. It has become widely accepted that a deficit in the capacity to extinguish memories of fear is at the root of fear disorders as a result of the distinction between those who do and do not develop serious symptoms after fearsome experiences, and the fact that fear disorders are treated with therapy based on extinction procedures. Moreover, panic attacks, phobias, and particularly PTSD are viewed by many as a deficit of extinction that should therefore be treated by an intensification of extinction (Charney et al., 1993; Wessa & Flor, 2007; Milad et al., 2008) .
Experimental extinction learning occurs when a CS that previously predicted a US no longer does so, and over time, the conditioned response (e.g., freezing or elevated skin conductance responses) decreases. Extinction learning involves the ventromedial PFC, amygdala and hippocampus (Milad and Quirk, 2002; Phelps et al., 2004; Bouton et al., 2006) . PTSD patients exhibit long-lasting reexperience of traumatic events and avoidance of the trauma-related stimuli, even though they recognize that the traumatic event is no longer occurring. It has been suggested that dysfunctional fear extinction plays an important role in the development of clinical symptoms, such as reexperiencing of trauma, in PTSD (Rothbaum et al., 2003; Rauch et al., 2006; Milad et al., 2006) . Furthermore, in a recent study, PTSD patients demonstrated deficient extinction recall as measured in skin conductance response in a 2-day fear conditioning and extinction procedure (Milad et al., 2008) . Clearly, animal models do not entirely mimic the complex features of psychiatric disorders. However, they can predict the clinical effects of substances and provide insights into the biological mechanisms of these diseases. Marsicano et al. (2002) found that CB1 receptordeficient mice show normal acquisition and consolidation in a fear conditioning task, but fear extinction is strongly impaired. Impaired extinction is also observed when the antagonist SR141716 is injected systemically into wild-type mice before the extinction trial, indicating that CB1 receptors are required at the moment of the extinction training. The findings that CB1 knockout mice exhibit impaired short-and long-term extinction of cueinduced conditioned fear responses have been replicated by other groups both for extinction of cue-or context-induced fear responses (Suzuki et al., 2004; Finn et al., 2004; Chhatwal et al., 2005; Lafenetre et al., 2007; Lutz, 2007; Niyuhire et al., 2007) . We have recently shown that microinjecting the antagonist AM251 (6 ng) into the BLA or the CA1 significantly impairs extinction of inhibitory avoidance (Ganon-Elazar & Akirav, 2009; Abush & Akirav, 2010) . Regarding the extinction of non-aversive memories, several studies suggested that the eCB system is not involved (Hölter et al., 2005; Niyuhire et al., 2007) . On the other hand, studies have demonstrated that pharmacological activation of eCB signalling promotes extinction of fear memories. For example, Chhatwal et al. (2005) found that systemic administration of AM404 (10 mg/kg) promotes extinction of conditioned fear using fear potentiated startle. This was replicated using systemic and intracerebroventricular injections. In another study , OL-135 (30 mg/kg), an inhibitor of FAAH, enhanced the rate of extinction in a water maze task. Pamplona et al. (2006) showed that WIN 55-212,2 (0.25 mg/kg) facilitates the extinction of contextual fear in the fear conditioning task and of spatial memory in the water maze reversal task. We demonstrated that WIN 55,212-2 administered into the CA1 facilitates the extinction of inhibitory avoidance, with no effect on extinction kinetics when microinjected into the BLA (Ganon-Elazar & Akirav, 2009; Abush & Akirav, 2010) . Results of Marsicano et al. (2002) and subsequent investigations demonstrate that inhibition of eCB transmission robustly inhibits (or prolongs) fear extinction (Suzuki et al., 2004; Pamplona et al., 2006) . Conversely, stimulation of eCB transmission accelerates fear extinction (Suzuki et al., 2004; Chhatwal et al., 2005; Barad et al., 2006; Abush & Akirav, 2010) . However, the role of eCB in the extinction of aversive memories is to some degree task-specific and negative results were reported (Kobilo et al., 2007; Lutz, 2007) . There is evidence to suggest that cannabinoids act on anxiety responses and fear learning through their effects on the amygdala. Central CB1 receptors are expressed at high levels in the lateral and basal nuclei of the amygdala (Katona et al., 2001) , and extinction of aversive memories depends on cannabinoid receptors and signalling within the BLA (Marsicano et al., 2002; Kamprath et al., 2006; Laviolette and Grace 2006a) . It has been demonstrated that activation of CB1 receptors attenuates anxiety responses and amygdala activation to aversive stimuli by modulating neuronal firing in the BLA (Pistis et al., 2004; Patel et al., 2005) . We have demonstrated (Ganon-Elazar & Akirav, 2009 ) that exposure to acute stress enhances conditioned avoidance and impairs inhibitory avoidance extinction. Intra-BLA WIN55,212-2 (5 µg) prevents the stress-induced enhancement of conditioned avoidance as well as the stress-induced disruption of avoidance extinction (see Figure 1) . This reversal effect was found to be associated with alterations in the HPA axis, as intra-BLA WIN55,212-2 inhibits the stress-induced increase in plasma corticosterone levels (Ganon-Elazar and Akirav, 2009; see Figure 2 ). These findings support a possible therapeutic application for cannabinoids in the treatment of conditions associated with stress-related disorders and the inappropriate retention of aversive memories. Fig. 1 . Cannabinoid receptor agonist WIN55,212-2 (5 μg/0.5 μl) blocks the effects of stress on inhibitory avoidance extinction After the first extinction trial (Ext1), rats were microinjected with vehicle (n = 14), placed on the elevated platform (EP Post-Ext1, n = 8) stress, or microinjected with WIN55,212-2 into the BLA and immediately afterward placed on the EP (WIN_5+EP, n = 8). The EP Post-Ext1 group showed a significantly increased latency to enter the dark side on the second extinction day compared with the other groups (Ext2, p < 0.05). Thus, WIN55,212-2 administered into the BLA before stressor exposure prevents the disrupting effect of the stressor on IA extinction (data published by Ganon-Elazar and Akirav, 2009 in J Neurosci).
Endocannabinoid system modulation of the hypothalamic-pituitary-adrenal axis (HPA) axis
A body of evidence has emerged indicating a key role for the eCB system both in regulating basal HPA axis activity and in 'fine-tuning' the HPA axis response to stress (Finn, 2010) . However, it should be borne in mind that elevation of eCB levels sometimes has effects that are different from those observed with exogenous cannabinoids, especially regarding eCB modulation of the HPA axis. Corticosterone levels were measured in rats microinjected with vehicle into the BLA (vehicle, n = 12), placed on the EP (n = 8), microinjected with WIN55,212-2 into the BLA (5 μg; WIN_5, n = 8), microinjected with WIN55,212-2 into the BLA and placed on the EP (5 μg; WIN_5+EP, n = 7), microinjected with a lower dose of WIN55,212-2 into the BLA (2.5 μg; WIN_2.5, n = 6), or microinjected with the lower dose of WIN55,212-2 and placed on the EP (WIN_2.5+EP, n = 6). Data represent the means ± SEM expressed as a percentage of the corticosterone values of the vehicle animals (corticosterone levels in the vehicle group, 95.52 ± 16.7 ng/ml) (p<0.05, a: Vehicle group differs from all other groups; b: EP group differs from all other groups; c, differs from WIN_2.5 and WIN_2.5+EP groups) (data published by Ganon-Elazar and Akirav, 2009 in J Neurosci). The HPA axis is the principal neuroendocrine component of the response to stress; during acute stress, corticotrophin releasing factor (CRF) is released into the portal system by neurons in the paraventricular nucleus (PVN). CRF induces release of adrenocorticotrophic hormone (ACTH) from the anterior pituitary. ACTH stimulates production of glucocorticoids (e.g., corticosterone in rats) in the adrenal gland. Glucocorticoids produce a range of effects on the cardiovascular, immune, metabolic, and neural systems that facilitate optimal responses to aversive stimuli (Pecoraro et al., 2006) but also exert potent negative feedback inhibition of the HPA axis glucocorticoids by inhibiting the release of CRF in the hypothalamus and ACTH in the pituitary. Hence, elevated circulating levels of glucocorticoids rapidly suppress HPA axis activity. Hypothalamic and extrahypothalamic limbic structures also regulate the HPA axis. The amygdala activates the HPA axis in response to stressful stimuli whereas the hippocampus and prefrontal cortex inhibit the HPA axis. The relationship between stress and the eCB system is complex, and it has been reported that stressful events increase eCB levels in several brain areas, likely in response to the stimulation of glucocorticoid receptors (Di et al., 2005; Malcher-Lopes et al., 2006) . Stress elicits the rapid formation of eCBs in the periaqueductal gray matter of the midbrain (Hohmann et al., 2005) and alters eCB content in the limbic forebrain, amygdala, striatum, and PFC Patel et al., 2005; Rademacher et al., 2008) . Smoking marijuana in humans or administration of THC in animals stimulates ACTH and glucocorticoid secretion (Murphy et al., 1998; Manzanares et al., 1999) . We found that intra-BLA administration of WIN 55, 212 have shown that mice treated systemically with the eCB transport inhibitor AM404 or the FAAH inhibitor URB597 show significantly decreased or eliminated restraint-induced corticosterone release. Studies have shown a decrease in the content of the endogenous cannabinoid ligand anandamide in the amygdala, through an increase in FAAH-mediated hydrolysis, in response to acute stress (Patel et al., 2005; Rademacher et al., 2008; . Preventing this decline in amygdalar anandamide by local administration of a FAAH inhibitor into the BLA attenuates stress-induced activation of the HPA axis . Hence, the augmentation of eCB signalling can suppress stress-responsive systems Cota, 2008; . A low dose of CP55940 (0.03 mg/kg) suppresses stress-induced corticosterone release, whereas a high dose (0.3 mg/kg) facilitates corticosterone release in response to restraint, consistent with previous data that direct CB1 agonists have biphasic effects on HPA axis activation and anxiety-like behaviours. On the other hand, the absence of CB1 receptors in mice or the systemic administration of CB1 receptor antagonists results in enhanced stress-induced secretion of ACTH and corticosterone compared with wild-type controls (Manzanares et al., 1999; Barna et al., 2004; Haller et al., 2004; . For example, acute systemic administration of the antagonists SR141716 or AM251 to rodents results in increased circulating corticosterone levels Wade et al., 2006; Ganon-Elazar and Akirav, 2009) . Basal plasma ACTH concentrations in response to novelty stress are increased in CB1 knock-out mice compared with wild-type animals (Haller et al., 2004) , hence suggesting that eCB signalling negatively modulates HPA axis activity.
Taken together these findings demonstrate that the eCB system is an important regulator of the central stress response and that alterations of the eCB tone might be helpful in reducing the stress response and may be effective in preventing the occurrence of stress-related diseases. There are several mechanisms by which cannabinoids may exert their anxiolytic effects via stress-related hormonal systems. The BLA is thought to process aversive sensory stimuli via afferent inputs to the central amygdala (CeA; LeDoux, 2000) . It is also believed that GABAergic neurons in the intercalated nuclei serve as an intermediate relay station to generate feed forward inhibition of CeA after activation by BLA (Pare & Smith, 1993) . The effects of selective CB1 agonists on GABA-mediated inhibitory postsynaptic currents at lateral, but not central, amygdala nuclei may reduce inhibitory tone on BLA cells. Thus, CB1 agonists reduce GABA release in BLA interneurons, thereby reducing their inhibition of the GABAergic neurons of the intercalated nuclei, which, in turn, increases their inhibition of the pyramidal neurons of the CeA (Katona et al., 2001) . Hence, the reduction in inhibitory tone may in turn indirectly reduce anxiety by enhancing the activity of intercalated GABAergic cells that inhibit activation of the CeA (Katona et al., 2001) . In support, it has been shown that CB1 agonists decrease the excitability of projection neurons in the rat BLA (Pistis et al., 2004) . In humans, the benzodiazepine, pro-GABAergic anxiolytic agent lorazepam has been shown to attenuate amygdala reactivity to threatening faces (Paulus et al., 2005) . Another possibility is that cannabinoids decrease CRH levels in the CeA, and decreased CRH levels are associated with decreased aversive stress responses (Rodriguez de Fonseca et al., 1997) . Clearly, CB1 receptor activation may also involve other neurochemical (serotonin, cholecystokinin, opioid, etc.) systems relevant to anxiety and fear behaviours (Viveros et al., 2005) .
The endocannabinoid system in a brain circuit involved in stress and anxiety
The eCB system participates in multiple brain circuits implicated in neuropsychiatric conditions, such as those modulating stress reactions, learning, extinction of fear, emotional regulation, and reward processes (e.g., the amygdala, hippocampus, NAc, and PFC). Neuroimaging studies have revealed that these structures are indeed active in individuals who smoked cannabis (Chang & Chronicle, 2007 ). This notion is further supported by experiments detecting molecular correlates of neural activity in cannabinoid-treated laboratory animals. For example, THC causes c-fos expression in the amygdala and the NAc (McGregor et al., 1998 ) and a significant increase in cAMP response element-binding (CREB) activation in the PFC and hippocampus (Rubino et al., 2007) . Techniques based on intracranial injections of cannabinoids in rats revealed that activation of CB1 receptors, specifically in some of the structures mentioned above, is involved in inducing anxiolytic-or antidepressant-like effects (Bambico et al., 2007; Moreira et al., 2007; Rubino et al., 2008a Rubino et al., , 2008b . For example, Rubino et al. (2008a) found that low doses of THC microinjected into the PFC (10 µg) or ventral hippocampus (5 µg) in rats induces an anxiolyticlike response during tests in the elevated plus-maze, while higher doses do not show an anxiolytic effect and even seem to switch into an anxiogenic profile. Similarly, low doses of the anandamide analogue, methanandamide (0.1 µg), microinjected into the PFC, produce an anxiolytic-like response in rats, whereas higher doses (10 µg) induce anxiety-like behaviours, as indicated by the number of entries onto and percentage of time spent on the open arm of a plus maze (Rubino et al., 2008b) . Yet, other studies demonstrated that eCB activation in the amygdala and dorsal hippocampus results in an anxiogenic-like response. Low THC doses (1 µg) in the BLA produce an anxiogenic-like response whereas higher doses are ineffective (Rubino et al., 2008a) . WIN-55212-2 in the dorsal hippocampus (2.5 and 5 µg) produces a significant anxiogenic-like effect in rats that is reversed by AM251 (Roohbakhsh et al., 2007) . Local infusion of cannabinoid compounds into specific brain areas might be instrumental to identify neural pathways and neuroanatomically separated CB1 receptor subpopulations that may play distinct roles in and mediate the opposing actions of cannabinoids, notably, anxiolytic versus anxiogenic effects (Moreira et al., 2007; Viveros et al., 2007) . Although considerable evidence suggests that activation of CB1 receptors can induce learning and memory impairments (Sullivan, 2000; Robinson et al., 2003; O'Shea et al., 2004; Varvel et al., 2005) , CB1 receptors are essential for the extinction of conditioned fear associations (Marsicano et al., 2002) , indicating an important role for this receptor in neuronal emotional learning and memory. Laviolette and Grace 2006a demonstrated that CB1 receptors within the BLA-PFC circuit can potently modulate the magnitude of emotional associative learning processes during both the acquisition and expression of learned, emotionally salient conditioned associations. Using in vivo single-unit recordings in rats, they showed that the agonist WIN 55,212-2 potentiates the response of medial PFC neurons to olfactory cues paired previously with a footshock, whereas this associative responding is prevented by the antagonist AM251. In an olfactory fear-conditioning procedure, WIN 55,212-2 microinjected into the medial PFC enables behavioural responses to olfactory cues paired with a normally subthreshold footshock, whereas AM251 completely blocks emotional learning. Treatment with cannabinoids significantly increases dopamine release in the NAc (Chen et al., 1990; Tanda et al., 1997 ). Yet, in situ hybridization and immunocytochemical studies reported a low-level, or even lack of CB1 receptors in the NAc, whereas other brain regions, such as the PFC, the hippocampus, and the amygdala, which densely innervate the NAc, show moderate to very high CB1 receptor levels (Mailleux and Vanderhaeghen, 1992; Matsuda et al., 1993; Tsou et al., 1998; Egertova and Elphick, 2000) . It has been suggested that the BLA, hippocampus and PFC are likely candidates for conveying the indirect effects of cannabinoids on dopamine release within the NAc, thereby contributing to reward processes (Katona et al., 2001) . To summarize the role of the eCB system in stress, anxiety, and conditioned fear, there is a general consensus that the effects of cannabinoid agonists on anxiety seem to be biphasic, with low doses being anxiolytic and high doses being ineffective or possibly anxiogenic. There are several important characteristics of the eCB system that might explain these different effects of eCB modulation. First, in a physiological situation, eCB synthesis, and thus CB1 receptor activation, occurs in particular activated neuronal circuits. This is a notable difference from the situation following pharmacological treatment with receptor agonists, when the agent activates all CB1 receptors in the brain regardless of their specific involvement in a particular physiological process. Second, the CB1 receptor is expressed in diverse brain structures of relevance to psychiatric disorders and is mainly located presynaptically where it can suppress the release of other neurotransmitters (Marsicano & Lutz, 1999; Mackie et al., 2005; Marsicano & Lutz, 2006) . These neurotransmitters include the main inhibitory neurotransmitter GABA, the main excitatory neurotransmitter glutamate, as well as acetylcholine, noradrenaline, and serotonin (Katona et al., 1999; Harkany et al., 2005; Monory et al., 2006; Oropeza et al., 2007; Häring et al., 2007) . Thus, synthetic compounds delivered systemically lack both the spatial and temporal specificity of endogenous compounds (Viveros et al., 2007; Lafenetre et al., 2007; . This may explain not only the bell-shaped relationship between dose and effect that some studies have observed, but also why elevation of eCB levels sometimes has effects that are different from those observed with exogenous cannabinoids. Finally, the diversity of eCB ligands with their multiple synthetic and degradation pathways adds a further level of complexity to the eCB system (Di Marzo, 2008) .
The endocannabinoid system in human studies
Cannabis can promote a relaxing and euphoric effect, thus relieving anxious states, or anxiety and panic attacks, depending on subjects and on the emotional state prior to use (Iversen, 2003) . Other factors that affect the change in mood and anxiety-related responses are individual differences in absorption, the method of smoking, drug dose, previous history, anxiety level, and environmental context (Gonzalez, 2007; Taber & Hurley, 2009) . Whilst variable, the effects of low doses are often described as rewarding, producing feelings of a "high", relaxation, reduced anxiety, and increased sociability (Hall & Solowij, 1998; Murray et al., 2007) . Human recreational cannabis users often report that low doses of the drug produce feelings of calmness and decreased anxiety (Abood and Martin, 1992; Porter and Felder, 2001) . But high doses of THC modulate subjective anxiety (D'Souza et al., 2004) . In any case, adverse reactions do occur (e.g., anxiety, panic, paranoia, psychotic symptoms), but are much less common than positive effects (Iversen, 2003; Kalant, 2004; Gonzalez, 2007) . Functional imaging studies indicate that intoxication is associated with increased regional cerebral blood flow and metabolism, particularly in the frontal and limbic regions as well as the cerebellum (Gonzalez, 2007) .
Some studies support an influence of cannabis use on the development of psychiatric disorders, particularly schizophrenia and mood disorders (Iversen, 2003; Kalant, 2004; Leweke & Koethe, 2008) . There is thus evidence that cannabis can have both anxiogenic and anxiolytic effects. These apparently conflicting observations may partly reflect the fact that Cannabis sativa contains multiple compounds that may have different psychoactive properties (Ashton, 2001) . A recent study by Fusar-Poli et al., (2009) used functional magnetic resonance imaging (fMRI) to investigate the effects of the two main psychoactive constituents of Cannabis sativa, THC and cannabidiol, on the neural substrate of emotional processing. Cannabidiol and THC have distinct modulatory effects on the regional neural response to fearful faces. Cannabidiol attenuates the neurofunctional engagement of the amygdala and cingulate cortex when subjects view intensely fearful stimuli and this effect is correlated with a reduction in the electrodermal response, consistent with behavioural evidence that it has anxiolytic effects. In contrast, THC modulates activation in frontal and parietal areas and is associated with an increase in anxiety and the electrodermal response. It is paradoxical that while individuals report reduced anxiety as the motivation for using cannabis, acute anxiety is the most common adverse effect of cannabis use, particularly at high doses . Generally, acute anxiety following cannabis use is more common in drug-naïve subjects and when the drug is taken in novel or stressful environments. Cannabis use alone does not appear to be sufficient or necessary for the development of long-term anxiety but may be a risk factor that operates in conjunction with other vulnerability factors. Such factors include biological, neurodevelopmental, environmental and social influences, as well as personality traits or a combination of all of them Windle & Wiesner, 2004; Chabrol et al., 2005) . Although not first-choice medications, generally cannabinoids are well tolerated after oral administration (Moreira et al., 2009) . Some aversive effects that may result from cannabis smoking, such as anxiety and panic, are rarely observed after oral administration of the agonists nabilone and THC (Martyn et al., 1995; Berlach et al., 2006; Skrabek et al., 2008 ). An fMRI study examined 16 healthy, recreational cannabis users after a double-blind crossover oral administration of THC or placebo. They found that THC significantly reduces amygdala reactivity to social signals of threat but does not affect activity in the primary visual and motor cortex (Phan et al., 2008) . Moreover, it has been recently shown that the synthetic cannabinoid nabilone has beneficial effects in PTSD patients in regard to abolishing or greatly reducing nightmares that persisted in spite of treatment with conventional PTSD medications (Fraser, 2009) . Hence, oral administration may help avoid the high peak serum concentration that occurs after cannabis smoking or intravenous administration (Moreira et al., 2009 ).
Conclusions and future research directions
The involvement of the eCB system in multiple aspects of brain function provides new targets for the development of novel therapeutic agents for a wide range of psychiatric disorders, including the treatment of anxiety disorders. A major problem with using the eCB system as a potential therapeutic target is the fact that it has a complex role in mediating anxiety states. In essence, there is a problem of a narrow therapeutic window between the efficacy against selected symptoms that are of clinical significance and the unwanted risks. Further understanding the functioning of the eCB system should provide new therapeutic avenues that may avoid these psychiatric sideeffects. For example, in addition to receptor agonists, a number of compounds have been developed that prolong eCB action, either by inhibiting uptake or by decreasing hydrolysis (Grant & Cahn, 2005; Pertwee, 2008) . In particular, the specific FAAH inhibitor URB597 has anxiolytic-like properties without the sedative effects seen with cannabinoids, which directly activate CB1 receptors (Cota, 2008; Piomelli, 2008) . Prolonging the activity of released anandamide using selective inhibitors of FAAH reduces anxiety indicating that this may be a therapeutically useful goal in the treatment of anxiety. Hence, modulation of neuronal endogenous cannabinoid signalling systems could represent a novel approach to the treatment of anxiety-related disorders while minimizing the adverse effects of direct action on cannabinoid receptor agonists.
